Abstract Radiation (RT), temozolomide (TMZ), and dexamethasone in newly diagnosed high grade gliomas (HGG) produces severe treatment-related lymphopenia (TRL) that is associated with early cancer-related deaths. This TRL may result from inadvertent radiation to circulating lymphocytes. This study reinfused lymphocytes, harvested before chemo-radiation, and assessed safety, feasibility, and trends in lymphocyte counts. Patients with newly diagnosed HGG and total lymphocyte counts (TLC) C 1000 cells/mm 3 underwent apheresis. Cryopreserved autologous lymphocytes were reinfused once radiation was completed. Safety, feasibility, and trends in TLC, T cell subsets and cytokines were studied. Serial TLC were also compared with an unreinfused matched control group. Ten patients were harvested (median values: age 56 years, dexamethasone 3 mg/day, TLC/CD4 1980/772 cells/mm 3 ). After 6 weeks of RT/TMZ, TLC fell 69 % (p \ 0.0001) with similar reductions in CD4, CD8 and NK cells but not Tregs. Eight patients received lymphocyte reinfusions (median = 7.0 9 10 7 lymphocytes/kg) without adverse events. A post-reinfusion TLC rise of C300 cells/mm 3 was noted in 3/8 patients at 4 weeks and 7/8 at 14 weeks which was similar to 23 matched controls. The reduced CD4/CD8 ratio was not restored by lymphocyte reinfusion. Severe lymphopenia was not accompanied by elevated serum interleukin-7 (IL-7) levels. This study confirms that severe TRL is common in HGG and is not associated with high plasma IL-7 levels. Although lymphocyte harvesting/reinfusion is feasible and safe, serial lymphocyte counts are similar to unreinfused matched controls. Studies administering higher lymphocyte doses and/or IL-7 should be considered to restore severe treatment-related lymphopenia in HGG.
Introduction
Current standard therapy for patients with newly diagnosed with high grade gliomas (HGG) included radiation, temozolomide and glucocorticoids. All of these are associated with significant lymphopenia [1] [2] [3] [4] . An NCI funded prospective study that followed serial CD4 counts in 96 patients with newly diagnosed HGG documented severe CD4 lymphopenia (CD4 counts \ 200 cells/mm 3 ) in 40 % of patients 2 months after the initiation of concurrent radiation (RT) and temozolomide (TMZ) [5] . Multivariate analysis revealed that this lymphopenia was independently associated with shorter overall survival and that death Jian L. Campian conducted this study at the Johns Hopkins University and changed affiliation to Washington University in St Louis after this study was completed in 2014.
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& Jian L. Campian jcampian@dom.wustl.edu resulted from tumor progression rather than opportunistic infections. Similar observations have now been reported in patients with treated with chemoradiation for resected or unresectable pancreatic cancers and stage III non-small cell lung cancers [6] [7] [8] [9] . Nearly half of these patients developed severe lymphopenia total lymphocyte counts (TLC) \ 500 cells/mm 3 ) and those with the lowest lymphocyte counts died early of progressive cancer. In addition, HPV negative head and neck cancer patients with TLC \ 500 cells/mm 3 2-month after beginning chemoradiation had significantly worse progression free survival than those with higher total lymphocyte counts [10] . Each of these studies suggests that treatment-related lymphopenia (TRL) is common, severe and long-lasting. Of note, the only common modality among the treatment regimens studied is radiation.
The immune system and lymphocytes are important in the prevention and control of cancers [11] . Patients with severe immune deficiencies have a higher incidence of cancer and poorer survival than those with normal immune systems [12, 13] . Even pretreatment lymphopenia has been documented to be a poor prognostic factor in patients with solid tumors and lymphomas [14] . The function of the immune system depends in a large part on interleukins. Interleukin-7 (IL-7) is required for human T cell development and for maintaining and restoring homeostasis of mature T cells. IL-7 is the main homeostatic driver of T cell numbers. IL-7 blood levels are inversely correlated with peripheral T CD4 cell counts, similar to erythropoietin blood levels and their inverse correlation with red blood cells counts. Although IL-7 is limited in normal conditions, it accumulates during lymphopenic conditions [15] . It has been indicated that TGF-b is a significant negative regulator for IL-7 by down-regulating stromal IL-7 secretion [16] . Numerous vaccines and oncolytic virus have been studied in early phase clinical trials in patients with glioblastoma [17] . Reservation of the immune function could be critical in the current stage of cancer immunotherapy.
Recent modeling studies suggest that a standard 60-Gy course of brain radiation administered in thirty fractions will provide potentially lethal doses of radiation to over 95 % of circulating lymphocytes [18] . Recently published studies in pancreatic cancer and lung cancer confirm the associations between radiation volumes, TRL, and survival [8, 9] . These data suggest that inadvertent radiation to circulating lymphocytes passing through a treatment field could be an important factor in the development of TRL. One approach to reducing lymphocyte exposure to radiation could involve removing circulating lymphocytes before radiation and reinfusing them once radiation is complete. The reconstitution of immune status following anti-neoplastic therapy has been investigated in several hematologic malignancies and solid tumors [19] [20] [21] .
This study was designed to prospectively explore the feasibility and safety of harvesting lymphocytes using a single apheresis and a peripheral line in this patient population. It also sought to determine if reinfusion would provide an increase in lymphocyte counts after lymphocyte reinfusion. A secondary objective was to monitor serial changes in lymphocyte subtypes and serum cytokine levels for a period of 20 weeks after the initiation of treatment. Our study is part of a larger effort that attempts to preserve immune system from the effects of radiation and chemotherapy.
Patient and methods

Patient population
This study was approved by the Institutional Review Board of the Johns Hopkins Medical Institutions (protocol # J11162). Eligible patients were required to have newly diagnosed anaplastic astrocytomas (WHO grade III) or glioblastomas (WHO grade IV) who were scheduled to receive standard concomitant RT/TMZ followed by six cycles of standard adjuvant TMZ. Other eligibility criteria include age [18 years, normal bone marrow function, TLC C 1000 cells/mm 3 , and Karnofsky performance status C60 %. Patients were not eligible if they had received prior radiation or chemotherapy, required anticoagulation, had a new central nervous system bleed, or received antineoplastic agents other than standard radiation and temozolomide.
Lymphocyte harvesting and freezing
Autologous lymphocyte collection was performed 1-10 days prior to initiating standard RT/TMZ. Lymphocytes were collected via peripheral intravenous access with a planned harvest of 2 9 10 8 lymphocytes with one apheresis procedure. The cells were transferred to conical tubes and centrifuged for 10 min at 2-8°C at 1200 rpm. The plasma was removed and the cell pellets were resuspended in cryoprotectant [6 % Hetastarch in 0.9 % sodium chloride injection supplemented with 2 % human serum albumin (HSA) and 5 % DMSO]. The cells were cryopreserved in multiple cryopreservation bags at maximum nucleated cell concentration of 2 9 10 8 cells/mL. The lymphocytes products were frozen in a controlled-rate freezer at -80°C and stored in the vapor phase of a liquid nitrogen freezer at less than -135°C.
Re-infusion of the autologous lymphocytes
Re-infusion of autologous lymphocytes was scheduled to occur within 5 days of completion of concomitant RT/ TMZ. All patients were hydrated with 200 cc of D5 1/2NS over 1 h prior and were pre-medicated 30 min prior to the lymphocyte infusion with diphenhydramine 25 mg intravenously and acetaminophen 650 mg orally. The contents of the cryobags were thawed in a 37°C water bath, and then within 1 min transferred into a 60 cc syringe and infused intravenously via syringe push through a 3-way stopcock and tubing primed with NS over a 5 min period. The infusion was interrupted for normal saline flushes if the patient experienced discomfort or coolness from the reinfusion. Patients received additional hydration 400 cc of D5 1/2NS over 2 h after lymphocyte reinfusion.
Hematologic monitoring
Heme-8 with differentials were collected prior to lymphocyte harvesting and then weekly for 20 weeks as is standard for this patient population. Lymphocyte subsets and CD4 count were monitored by flow cytometry at the time of lymphocyte collection, prior lymphocyte reinfusion, and biweekly thereafter for 14 weeks. At the same time, serum was collected for cytokine analysis and stored at -80°C.
Flow cytometry
Flow cytometry was performed using standard whole blood lysis clinical laboratory procedures using IVD reagents. 
Cytokine analysis
The Bioplex 200 platform was used to determine the concentration in pg/mL of multiple target proteins in previously banked serum samples. Luminex bead based immunoassays were performed following the manufacturers protocols and using the supplied cytokine standards the concentrations were determined using five parameter log curve fits using the supplied software. IL-7 was multiplexed using the Bioplex Pro Human Group 1 Panel and TGF-b was assessed using the the Bioplex Pro TGF panel (Biorad, Hercules CA, USA).
Statistical considerations
This study was designed to assess the feasibility of lymphocyte harvesting and reinfusion in patients with newly diagnosed HGG. Feasibility was defined as having at least 5 of the 10 patients (50 %) achieve an absolute increase of C300 lymphocytes/mm 3 4 weeks after lymphocyte reinfusion. The study was designed to have 83 % power for detecting a minimum of 40 % difference from a null of 10 % using a onesided type I error rate of 5 %. Patient baseline characteristics were summarized using descriptive statistics. The proportion of patients who achieved a TLC increase C300 cell/mm 3 at 4 weeks and at 14 weeks after lymphocyte reinfusion were estimated using binomial distribution along with 90 % confidence intervals. Student's t test and paired t test were used for continuous data between and within group comparison, respectively. Laboratory data was analyzed using Graphpad Prism (GraphPad Software). p values \ 0.05 were considered statistically significant. All clinical data were analyzed using SAS software (version 9.2).
Results
Patient demographics, baseline, and treatment characteristics
Ten patients were enrolled on this study between July, 2012 and May 2013. Eight patients (80 %) were male, 9 (90 %) had undergone a debulking surgical procedure, 7 (70 %) had a pathologic diagnosis of glioblastoma (WHO grade IV) and 3 (30 %) had anaplastic astrocytoma (WHO grade III). The median age of the enrolled patients was 55.5 years (range 40-67) with a median Karnofsky Performance Status Score (KPS) of 90 (range 80-100). Baseline total lymphocyte counts in these patients ranged from 1060 to 2550 cells/mm 3 (median 1980 cells/mm 3 ) and baseline CD4? counts ranged from 296 to 1369 cells/ mm 3 (median 772 cells/mm 3 ).
Lymphocyte harvest
All ten patients underwent lymphocyte collection with a single apheresis using a peripheral intravenous line. One patient (Patient ID #1) had an abbreviated (67 min) collection due to poor IV access. The remaining patients all completed the 2 h apheresis without incident. Seventy percent of the participants (7/10 patients) were taking dexamethasone at the time of lymphocyte harvesting. The median dose was 3 mg/day (range 0-4 mg/day) ( Table 1) . A median of 8.85 9 10 7 lymphocytes/kg were collected (range 3.44 9 10 7 -11.13 9 10 7 lymphocytes/kg) [22] .
Lymphocyte reinfusion
Eight of the ten harvested patients underwent lymphocyte reinfusions. Two patients elected to join a vaccine research study and thus did not receive their harvested lymphocytes. The first vaccine in this study was administered after completion of concurrent RT/TMZ. One patient required placement of a PICC line for lymphocyte reinfusion due to poor intravenous access. The remaining seven patients had their autologous lymphocytes infused via a 20 gauge peripheral intravenous line without complication. A median of 6.99 9 10 7 lymphocytes/kg (range 2.69 9 10 7 -9.47 9 10 7 lymphocytes/kg) were infused over 20-30 min.
Safety and toxicity
No serious adverse events observed during the lymphocyte collection and reinfusion [22] . All the procedures were performed in the outpatient clinic in the Johns Hopkins Hospital. No infusion reactions, vital sign abnormalities, febrile reactions or pain were noted.
Effects of treatment and lymphocyte reinfusion on CD41 and CD81 cells
Baseline CD4? counts in these patients ranged from 296 to 1369 cells/mm 3 Fig. 1d ). After reinfusion, both CD4? and CD8? cell counts increased significantly. These post-infusion data are shown in Fig. 1b for CD4? cells and in Fig. 1e for CD8? cells. When normalized to baseline, CD8? cell counts were less profoundly affected by concurrent RT/TMZ as compared to CD4? cells (Fig. 1c, f) . The ratio of CD4?/CD8? cells was found to be significantly decreased after RT/TMZ at week 6 (p = 0.04), and was not restored by lymphocyte reinfusion (Fig. 1g) .
Effects of treatment and lymphocyte reinfusion on NK and Treg cells
For these studies, Treg were defined as CD3?CD4?CD25 HI T cells that co-express forkhead box P3 (FOXP3) via intracellular staining. NK cells were defined as CD56?CD16? lymphocytes. As shown in Fig. 2a , and similar to CD4? and CD8? cells, absolute NK cell counts were significantly decreased at the conclusion of RT/TMZ at the 6 week time point (p = 0.0061). After lymphocyte reinfusion, median NK cell counts increased slightly (Fig. 2b) . However, when normalized to baseline, the majority of patients did not recover NK cell counts to baseline levels by week 20 (Fig. 2c) . Absolute Treg cell counts were not significantly decreased by the 6 weeks of concurrent RT/TMZ (Fig. 2d) . In addition, lymphocyte reinfusion had only minor effects on Treg cell counts (Fig. 2e) . When Treg cell counts were normalized to baseline, changes in Treg levels were quite variable (Fig. 2f) .
Effects of treatment and lymphocyte reinfusion on IL-7 and TGF-b levels
As shown in Fig. 4a , IL-7 did not increase in response to the severe CD4? lymphopenia induced by concurrent RT/ TMZ during the initial 6 weeks of treatment. IL-7 levels were also not affected by lymphocyte reinfusion (Fig. 3b) . 
Finally, when normalized to baseline levels, IL-7 levels did not increase over the total 20 week study period (Fig. 3c) .
To test whether IL-7 levels increased in response to decreased CD4? cell counts on a patient-by-patient basis, we correlated CD4? cell counts with IL-7 levels during the initial treatment phase (Fig. 3d) , post reinfusion (Fig. 3e ) and over the total study period (Fig. 3f) . None of these correlations were statistically significant. The expected increase in IL-7 in response to CD4? T cell lymphopenia was not observed [23] . In addition, we did not observe an increase in TGF-b during the first 6 weeks of treatment (Fig. 3g) , and lymphocyte reinfusion had negligible effects on TGF-b levels (Fig. 3h) as TGF-b levels remained fairly constant over the entire study period (Fig. 3i) . (Fig. 4a) . The effects of reinfusion on TLC are shown in Fig. 4b. 4 weeks after reinfusion the TLC had increased by an average of 274 cells/mm 3 in the eight patients who were reinfused. The primary endpoint of this study was to determine if 50 % of treated patients could achieve an increase in TLC of C300 cells/mm 3 (38 %; 90 % CI 11-71 %) reached this mark. However, over the 14 week observation period, seven of eight patients (87.5 %) had an absolute increase of TLC C 300 cell/mm 3 and in four of these the increased TLC (57 %; 90 % CI 23-87 %) was sustained through the study (Fig. 4b) .
Effects of treatment and lymphocyte reinfusion on total lymphocyte counts
Comparison of total lymphocyte counts with matched controls
As shown in Fig. 4c , normalized data suggested that lymphocyte reinfusion might be associated with a partial recovery of total lymphocyte counts, at least in some patients. To further explore that hypothesis, we retrospectively compared the current dataset to those acquired from a similar group of RT/TMZ treated HGG patients followed without reinfusion on a prior observational study [5] . Twenty-three patients were selected as matched historical controls. Patients were matched by age, performance status, histology, baseline TLC and first month of TLC counts after the treatment was started. As shown in Fig. 4d and e, this post hoc comparison suggested that the lymphocyte harvest and reinfusion protocol did not significantly augment either TLC or CD4? cell recovery.
Discussion
In recent years, the frequency, severity, duration and consequences of TRL have been increasingly appreciated [5] [6] [7] [8] [9] . This association of TRL with survival appears to be independent of tumor histology, pre-treatment prognostic factors, dexamethasone use, or the chemotherapy regimen administered. The single common modality is the use of radiation. Radiation as a single agent has been known to produce severe prolonged lymphopenia since the 1970s [24, 25] . We have reported that TRL is not seen in patients with nonsmall cell lung cancer during neoadjuvant chemotherapy but does occur immediately after the initiation of radiation therapy [7] . Recent computer modeling studies demonstrated that a typical 60-Gy radiation treatment plan for patients with HGG delivers sufficient radiation to severely injure 95 % of circulating lymphocytes [18] . These data suggest that radiation is likely to play a major role in TRL.
Consistent with our previous findings, severe lymphopenia was found after 6 weeks of RT/TMZ in this study [5] . Following lymphocyte reinfusion, TLC levels appeared to be higher as 88 % of patients (7/8) had an absolute increase of TLC C 300 cell/mm 3 during the 14 week Treg cell counts from week 0 to 6 while patients were treated with concurrent RT/TMZ; e absolute Treg cell counts from week 6 to 20 after lymphocyte reinfusion; f normalized Treg cell counts from week 0 to 20 during the study period (normalized to baseline), plotted individually for each patient in the study asterisk denotes p value \ 0.05. Double asterisks denotes p value \ 0.01 observation period post reinfusion. Fifty-seven percent of these patients (4/7) had sustained increases at the end of the study. However, only moderate increases in CD4? cell counts were observed. For comparison, we retrospectively constructed a matched historical control of 23 subjects who received identical treatment without lymphocyte reinfusions. Although the sample sizes are small, the average change in TLC was not statistically different in patients who did and did not receive the lymphocyte infusions. These data suggest that a single lymphocyte harvest and reinfusion might not be sufficient to correct. To be noted, the dexamethasone use was not matched between the research subjects and historical controls. Our experience in evaluating treatment-related lymphopenia in patients with other cancers such as pancreatic cancer, head and neck squamous carcinoma and lung cancer where dexamethasone is not routinely used provides results that are remarkably similar to the glioblastoma data. In these patient cohorts, 40-50 % of patients develop grade III-IV lymphopenia and this is related to survival in a multivariate analysis. In these tumor types, dexamethasone was not routinely used [6] [7] [8] 10] . There is also abundant data from the 1960s and 1970s that radiation by itself induces profound lymphopenia [18] . Therefore, patients in the control and research group were not matched for dexamethasone use. Similar to a previous report, we found CD4? count, CD8? count and the ratio of CD4?/CD8? were significantly decreased after RT/TMZ [26] . The CD4?/CD8? ratio was not restored by lymphocyte reinfusion. These data suggest that CD4? cells are more likely to be damaged by RT/TMZ and that this lymphocyte loss is not significantly modified by reinfusing autologous lymphocytes collected with one apheresis. Our data also demonstrated significant decreases in the NK cell but not Treg numbers. NK cells appeared to be increased slightly by lymphocyte reinfusion while Tregs remained unaffected. Unfortunately, the matched controls we were using for the total lymphocyte comparisons did not include data on lymphocyte subtypes. IL-7 is the essential homeostatic driver of peripheral T cell numbers and its level is inversely correlated with CD4? cell counts [15, 27, 28] . TGF-b expression is increased after exposure to irradiation and it is thought to be a negative regulator for IL-7 levels by down-regulating stromal IL-7 production [16, 29, 30] . We were expecting compensatory changes in IL-7 as patients developed TRL. Although TLC and CD4? cell counts dropped significantly after RT/TMZ, serum IL-7 levels were not increased. The mechanisms underlying the lack of a compensatory increase in serum IL-7 are unknown [16] . Our data also did not reveal a correlation between IL-7 and TGF-b. In addition, TGF-b levels were not up-regulated by radiation as previously reported [29] . TGF-b levels were not impacted by lymphocyte reinfusion. These findings suggest that the observed lack of compensatory increases in IL-7 in response to TRL were not likely to be mediated by TGF-b. Taken together, these data suggest that IL-7 does not increase in response to severe TRL and that cytokine levels are not significantly affected by either treatment or lymphocyte reinfusion. The lack of a compensatory increase in IL-7 in response to severe TRL raises the possibility that reinfused lymphocytes may not proliferate in an IL-7 deficient host. Exogenous administration of IL-7 could be considered to aid lymphocyte recovery in these patients.
Conclusion
In summary, lymphocyte harvest and reinfusion is feasible in patients with HGG treated with radiation and temozolomide. This approach was not associated with noticeable toxicity during lymphocyte harvest or reinfusion. Overall, an increase in TLC C 300 cells/mm 3 was seen in 88 % of reinfused patients during the 14-week observation period post reinfusion. However, in this small series no significant difference for TLC or CD4 cell counts was observed when compared with matched historical controls. Of particular note is our finding that IL-7 levels did not increase in response to lymphopenia as might be have been expected. Future studies involving the administration of IL-7 with or without lymphocyte reinfusion should be considered as an option to modify TRL in this patient population. If IL-7, with or without lymphocyte harvesting and reinfusion, does promote lymphocyte recovery the stage would be set to design and conduct trials to determine if this would have an impact on survival in patients with severe TRL.
